We present detailed NLTE synthetic spectra of hydrodynamic SNe Ia models. We make no assumptions about the form of the spectrum at the inner boundary. We calculate both Chandrasekhar-mass deflagration models and sub-Chandrasekhar "helium detonators." Gamma-ray deposition is handled in a simple, accurate manner. We have parameterized the storage of energy that arises from the time dependent deposition of radioactive decay energy in a reasonable manner, that spans the expected range. We find that the Chandrasekhar-mass deflagration model W7 of Nomoto et al. shows good agreement with the observed spectra of SN 1992A and SN 1994D, particularly in the UV, where our models are expected to be most accurate.
the results of our γ-ray deposition with more detailed calculations and the agreement is excellent (Young & Kumagai 1995, private communication) . The boundary conditions make no assumptions about the form of the flux at the inner boundary, but rather impose continuity requirements on the intensity (with correct Lorentz transformations). Thus all of the flux comes from the atmosphere itself, there is no "light bulb" at the center. PHOENIX accurately solves the fully relativistic radiation transport equation along with the non-LTE rate equations (for some ions) while ensuring radiative equilibrium (energy conservation).
The following ions were treated in non-LTE in the calculations reported here (the number of levels follows in parenthesis): He I (11), He II (10), Na I (3), Ne I (26), Ca II (87), Mg II (18), C I (228), O I (36), Fe II (617), Co II (255), Ti II (204), S II (85) and Si II (94).
The hydrodynamical models were evolved in time by assuming that the expansion is homologous, i.e. the velocity of any given mass point was held constant. The models were rezoned into 50 mass zones, with roughly a logarithmic spacing in τ std , where τ std is the total extinction optical depth in the continuum at 5000Å. Care was taken to resolve the density profiles.
In theory, once we choose a time since explosion the model is completely determined. The density structure is specified by the homology transformation, the compositions are fixed (once decay of the radioactive species has been accounted for) and, since we use observed bolometric luminosity as an input parameter, the temperature structure is then completely determined by imposing the condition of radiative equilibrium. We parameterize the luminosity as:
where L abs γ is the total instantaneous γ-ray luminosity deposited in the material and η is a parameter that measures the net amount of energy stored over time by the material.
Note that η differs from the parameter α defined by Arnett and co-workers (Arnett 1982; Arnett, Branch, & Wheeler 1985) since α refers to the total instantaneous γ-ray luminosity, and instead corresponds to the parameterQ of Höflich & Khokhlov (1996) . [NB: While the definition of Q ≡ α in Höflich & Khokhlov (1996) , in previous papers in their series Q corresponds to η]. Höflich & Khokhlov (1996) found η in the range 0.7 < η < 1.8 for a wide variety of models that they examined, and we have varied η from approximately 0.5 − 2.0.
Actually η should be a function of radius, but an accurate calculation of η will require a NLTE, multi-group radiation-hydrodynamical calculation. This procedure accounts for the time-dependent nature of the deposition of radioactive energy in an accurate manner. Given an input luminosity the temperature structure of the models is determined by demanding the modified radiative equilibrium condition:
whereṠ is the local instantaneous rate at which γ-ray energy is deposited.
Results

Model W7
Figure 1 displays our synthetic spectrum for the W7 model at 20 d past explosion for three choices of η. This is several days after the time of bolometric maximum t bol = 14 d found by Höflich & Khokhlov (1996) and Khokhlov, Müller, & Höflich (1993) who found η = 1.3 at this time. The magnitudes and colors of these models are listed in Table 1 In addition to the NLTE lines that we treat directly, we must also include ≈ 2 million additional lines in LTE. The shape of the spectrum is somewhat sensitive to the constant thermalization parameter ǫ that we choose (Nugent et al. 1995a; Baron et al. 1996) , where ǫ is defined by the source function for LTE metal lines, et al. 1996) ]. The agreement is quite good across the entire range of observed wavelength for each supernova with all of the major (and most of the minor) features present in the synthetic spectra. While fine tuning could no doubt improve the fits, that is not our purpose in this paper. An interesting feature in Figure 3 , is that both the observed spectrum for SN 1994D and the synthetic spectra of W7 show a "split" just blueward of the Ca II H&K feature. This is likely due to a blend of Ca II H&K and Kirshner et al. (1993) also noted that the two lines are of nearly equal strength.
While the split is prominent in the observed spectrum of SN 1994D, it is clearly absent in the observed spectrum of SN 1992A. We will return to this issue in future work. Figure 4 shows the time evolution of the W7 model near maximum light. The bolometric magnitudes and colors of the 16 d, η = 1.1 and η = 1.7 models (see Table 1) should be compared with the results of Höflich & Khokhlov (1996) & Khokhlov (1996) , while both of the models are somewhat bluer than they found. This is likely due to differences in the treatment of radiation transport (NLTE, 82,000 wavelength points and full line profiles, versus LTE grey transport) and serves as an estimate of the theoretical uncertainty of such calculations. that has accreted 0.17 M ⊙ of helium. The magnitude and color data for these models can be found in Table 2 . The synthetic spectra have less line-blanketing and hence more flux in the UV, than does the W7 model. There is no strong evidence of either He I or He II lines.
Sub-Chandrasekhar Models
Although we do not use the Sobolev approximation at all in our calculations, we calculate the Sobolev optical depth of each NLTE line as a convenient diagnostic. The Sobolev optical depth of the He I λ5876 lines is approximately 3 − 4 orders of magnitude weaker than that of the Si II λ6355 line in both sets of models, thus these models are effective at "hiding helium." It is somewhat surprising that in a model with nearly 0.2 M ⊙ helium on the outside that no evidence of helium should appear. This seems to be due to the very strong non-thermal ionization and the high UV flux which tends to keep the helium ionized, and/or highly excited, suppressing the strong He I lines. Optical He II lines, particularly P α λ4687.8 and P β λ3204.5, are also not prominent. At earlier times, with higher densities recombination may populate the He I -II levels, but since the models will also be hotter at those times, it is not clear a priori that optical He I -II lines will ever be strong in these models. Understanding the exact suppression mechanism of helium lines will be the subject of future work. along with the spectra of the 20 d models of WW2 (η = 1.1) and LA4 (η = 1.5) can be seen in Fig. 8 . These models show some resemblance to the observed SN 1991bg spectrum, however, the shape of the spectra from these models is counter to that observed. This behavior is exemplified by the WW2 20 d model with η = 1.1 in Table 2 where B − V is extremely red (0.74), but U − B is negative (-0.16). The flat spectrum in the UV for these models (signified by a negative U − B) is observationally associated with bright SNe Ia such as SN 1991T and SN 1994D, rather than with dim supernovae such as SN 1991bg. In the spectrum of SN 1991bg, the trough near 4000Å is due to Ti II (Filippenko et al. 1992; Nugent et al. 1995b ). In the synthetic spectra this trough is not flat enough to reproduce the observed spectrum of SN 1991bg, most likely because Ti II is confined to a small region in velocity in these models. In order to further elucidate the differences between W7 and the helium-igniters, Figure 9 compares the temperature and electron density profiles of W7 (η = 1.0) to WW2
(η = 1.1) at 20 d. The more massive W7 model has a much steeper electron density profile, and it is cooler on the outside. Figure 10 displays the Sobolev optical depth of the Co II
.2 line as a function of τ std for the 3 models. While W7 and WW2 display similar Sobolev optical depths in this line at depth, LA4 only has a very small region where this line is optically thick, and, near the surface where the spectrum forms, both WW2 and LA4 are transparent in this line. This is typical for the iron-peak UV lines and it makes it very difficult for the helium-detonation models to display the proper line blanketing in the UV. It is not that the iron-peak elements are not present, but rather that they are not in the proper ionization/electronic states to create strong line blanketing.
Conclusions
We have calculated very detailed NLTE synthetic spectra of hydrodynamical models for SNe Ia. We have used only symmetry considerations at the inner boundary and thus have not had to make any assumptions about the form of the flux there, the spectrum is calculated ab-initio. We have used a simple but accurate γ-ray transport algorithm and we have developed a reasonable parameterization of the time dependence of the γ-ray heating that can be compared with and calibrated to sophisticated radiation hydrodynamical calculations as they become available.
The Chandrasekhar-mass deflagration model W7 shows good agreement with observed normal SNe Ia and it is likely that other Chandrasekhar-mass models such as DD or PDD (Khokhlov, Müller, & Höflich 1993) will also show reasonable agreement. While the sub-Chandrasekhar mass "helium igniter" models bear some resemblance to the sub-luminous SNe Ia typified by SN 1991bg the weakness of lines of the intermediate mass elements and the lack of the UV deficit will have to be addressed if these models are to remain as viable contenders for at least some SNe Ia.
We thank Dave Arnett, Ken Nomoto, and Stan Woosley for providing us with their models and for helpful discussions. We also thank Shiomi Kumagai and Tim Young for allowing us to quote their unpublished results and for helpful discussions on gamma-ray deposition. This work was supported in part by NSF grants AST-9417242 and AST-9417102;
an IBM SUR grant to the University of Oklahoma; and by NASA grants NAGW-4510, NAGW-2628, and NAGW 5-3067 to Arizona State University. Some of the calculations Note. -M Bol , M B , and M V are the bolometric, B and V absolute magnitudes of the models respectively. B − V and U − B are the associated colors. W7 5,000 Co IV (2 × 10 5 ) Ni IV (7 × 10 4 ) Fe IV (2 × 10 4 ) He II (2 × 10 3 ) LA4 5,000 Co IV (2 × 10 5 ) He II (7 × 10 4 ) Ni IV (2 × 10 4 ) Fe IV (2 × 10 4 ) WW2 5,000 Co IV (2 × 10 5 ) He II (3 × 10 4 ) Ni IV (2 × 10 4 ) Fe IV (2 × 10 4 )
Note. Table 3 . The solid line denotes the W7 model, the dashed line WW2, and the dot-dashed line LA4. Note that τ Sobolev is a purely local quantity and hence is not necessarily monotonic.
